The numbers of water-borne oomycete propagules in outdoor reservoirs used in horticultural nurseries within the UK are investigated in this study. Water samples were recovered from 11 different horticultural nurseries in the southern UK during Jan-May in 2 "cool" years (2010 and 2013; winter temperatures 2.0 and 0.4°C below UK Met Office 30 year winter average, respectively) and 2 "warm" years (2008 and 2012; winter temperatures 1.2 and 0.9°C above UK Met Office 30 year winter average, respectively). Samples were analyzed for total number of oomycete colony forming units (CFU), predominantly members of the families Saprolegniaceae and Pythiaceae, and these were combined to give monthly mean counts. The numbers of CFU were investigated with respect to prevailing climate in the region: mean monthly air temperatures calculated by using daily observations from the nearest climatological station. The investigations show that the number of CFU during spring can be explained by a linear first-order equation and a statistically significant r 2 value of 0.66 with the simple relationship:
Introduction
Irrigation water, especially from surface sources such as reservoirs, ponds, and rivers has long been recognized as a significant source of infective plant pathogen inoculum, especially of oomycete genera such as Pythium, Phytophthora, and Aphanomyces [1] . Many horticultural nurseries treat their irrigation water to eliminate plant pathogens [2] and routinely need to test this water to confirm the efficacy of such treatments. Despite the presence of pathogenic species, the majority of the oomycete populations detectable in surface waters are not phytopathogens. Nevertheless, regardless of their
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pathogenicity, generic counts of viable oomycete propagules before and after treatments such as slow sand filtration [3] , are of considerable practical value in determining their efficacy [4] . For such testing to be cost-effective, planning and knowledge about the development of oomycete populations in time is vital. The majority of quantitative studies of oomycete populations in water use either baiting methods [5] or, more recently, quantitative PCR, with only a very few directly plating and quantifying viable colony forming units (CFU) [6] [7] [8] . Simple methods that can estimate CFU development as a function of environmental variables will enhance testing capabilities. In the UK, populations of oomycetes in lake water have been observed to show some periodicity with maxima falling in early spring, early summer, and autumn [9] . For effective testing of treated and untreated irrigation water to determine the efficacy of water treatments, a relatively large CFU count (>50 CFU L −1 ) in the untreated reservoir water is desirable. This is an arbitrarily-set threshold based on experience, and equates to CFU counts of approximately 3-8 per plate; counts of less than this are insufficient to provide a confident control for the expected zero CFU counts from tests of water following effective treatment, or taken from clean storage tanks. Long-term planning that includes timing of sampling and forecasting of potential CFU in the water is therefore important. Here, using historic plant clinic data measuring total and potentially pathogenic oomycete CFU in water samples, we explore the potential impact of temperature on oomycete CFU numbers in horticultural reservoirs to determine the possibility of using air temperatures for population predictions. We develop a mathematical model to guide optimal sampling times and show how the model can also be used to assess the possible impact of climate change on population periodicity, thus enhancing long term structural planning.
Material and methods
Samples of untreated, unused ("raw") reservoir water were collected from 11 UK horticultural nurseries located in the southern UK ( Fig. 1) and representing a wide range of production including woody and herbaceous perennial ornamentals, pot and bedding, and protected fruit and vegetables, as part of routine plant clinic tests for water treatment efficacy. These tests have been carried out on request for commercial nurseries throughout the UK since 1995 and normally consist of assessments of oomycete colonization of samples of water collected from water storage tanks pre-and post-treatment for plant pathogen control, from points of delivery to the plants and from raw water storage reservoirs. The reservoirs assessed were all located outdoors and consisted of either clay-or butyl-lined ponds ranging in volume from 300 to 7000 m 3 and varied in depth between 2 and 4 m. Water samples of 1 liter volume were assessed for viable oomycete propagule numbers using the membrane filtration-colony plating procedure [4, 7] , colonies were sub-cultured for identification to genus by morphology and culture characteristics, and were counted; count-data for members of the Saprolegniaceae and Pythiaceae were pooled and expressed as viable oomycete CFU L Meteorological observations were obtained from the data set Global Summary of the Day (GSOD), which is exchanged as part of the World Weather Watch Program within the World Meteorological Organization (WMO). Each monitoring site was then matched with the nearest meteorological site (Tab. 1, Fig. 1 ) and monthly mean values of 2-meter temperature (air temperatures measured at WMO standard height, 1.25-2 m, above the ground; http://www.wmo.int/pages/themes/climate/climate_ data_and_products.php) were calculated for each site.
Oomycete CFU counts from each sampling site were paired with their relevant monthly mean air temperatures (Tab. 1) using a simple mathematical relationship based on the following three assumptions: (i) the monthly increase in CFU in latewinter and spring is linearly related to monthly mean temperatures; (ii) CFU development only happens above a certain temperature threshold (iii) there will be a small baseload of CFU in the water, despite low temperatures. The suggested mathematical model has the following form:
where a is the rate of inoculum development with temperature T, and b is the baseload population at temperatures below T b . We found the optimal settings of the model parameters and tested the sensitivity of these parameters using typical climatological temperatures found in the southern UK during spring.
Results
Monthly mean numbers of oomycete CFU L −1 in spring increased with monthly mean air temperature after an initial lag phase over the temperature range 0 to approximately 5°C. This relationship was well described using a linear first-order equation (Eq. 1). Using monthly mean air temperature data and varying the values for a, b, and T b , this equation was used to predict oomycete CFU counts, and the best fit was found with a slope of 60 CFU / T − T b , a baseload population of 20 CFU, and a base temperature of 4.5°C (Tab. 2). These parameters gave a statistically significant r 2 value of 0.66 (Fig. 2) and a good description of the overall pattern in CFU development during spring. Whilst the majority of CFU appeared to be from the Saprolegniaceae (majority Saprolegnia, with some Achlya and Leptolegnia), Pythium (Pythiaceae) CFU were also detected, especially in samples collected in March, April, and May (Fig. 2) . Although appearance of Pythium CFU in water samples could not be conclusively linked to temperature, the months when this genus was not detected, or was not present in the majority of samples, were the earlier months of January and February, especially in the coolest year, 2010.
The model also was used to predict CFU counts under a modest climate change scenario of +2 deg C (Fig. 2) . These predictions indicated that whilst the 50 CFU L 
Discussion
The approach of matching nearby meteorological stations has worked well in a number of studies on airborne spores [10] and pollen [11] when the focus is on overall climate in specific regions of Europe including the UK (e.g., [12] ). Here the assumption that the mean monthly air temperature reflects the temperature in the aquatic environment in the nurseries assessed seems also to have worked well. The good fit between mean monthly air temperature and mean oomycete CFU counts can be explained directly in terms of changes in water temperature as there is a reasonably close tie-up between monthly mean air temperatures and recorded lake epilimnion temperatures [13] . The samples assessed in this study were all collected from the surface waters of reservoirs that were of depths broadly equivalent to the epilimnion or superficial layer of a lake, and so might be expected to be more responsive to changes in air temperature and less bound by the complexities of stratification seen in larger bodies of water [14] .
For carrying out tests to determine the efficacy of irrigation water treatments, an ideal number of oomycete CFU in untreated reservoir water would be ≥50 CFU L −1 . Water tests are costly and time-consuming, whilst accurate results, as early in the growing season as possible, are essential. Using the model described above it was possible to predict that the earliest potential timing of such tests for accuracy, based on the numbers of CFU in untreated water, would be once the mean monthly air temperature has reached 5.67°C.
The climate change scenario predicted earlier increases in CFU. This suggests that a consequence of climate change will be increased CFU development early in the spring. Similar phenological changes have been observed for a number of different species [15] . The results from this particular study suggest that climate change would affect suggested sampling periods and in some cases mitigation strategies as a consequence of the possible increased pathogen load implied by the larger concentrations of total oomycete CFU in the water, although such potential links between total oomycetes and pathogen genera require further investigation.
Conclusions
■ It was possible to use monthly mean air temperatures to predict monthly mean oomycete CFU counts in horticultural reservoir waters. ■ Predicted CFU counts can be used to identify optimum timings for early-season water tests for oomycetes. ■ A modest climate change scenario (+2 deg C) indicated that the optimum timing for water testing would be earlier by as much as 1 month.
gleby w szkółkach ogrodniczych. Scenariusz wzrostu temperatury o 2°C sugeruje, że wzrost Oomycetes w wodach wiosną może wynikać ze wzrostu temperatur spowodowanych zmianami klimatycznymi.
